Objective-To investigate whether high-density lipoproteins (HDLs) suppress chemokine (CCL2, CCL5, and CX 3 CL1) and chemokine receptor (CCR2 and CX 3 CR1) expression, a mechanism for the atheroprotective properties of HDLs. Methods and Results-Apolipoprotein (apo) E Ϫ/Ϫ mice were fed a high-fat diet for 12 weeks. Before being euthanized, the mice received 5 consecutive daily injections of lipid-free apoA-I, 40 mg/kg, or saline (control). The injection of apoA-I reduced CCR2 and CX 3 CR1 expression in plaques compared with controls (PϽ0.05). ApoA-I-injected mice had lower plasma CCL2 and CCL5 levels. Hepatic CCL2, CCL5, and CX 3 CL1 levels were also reduced (PϽ0.05). In vitro studies found that reconstituted HDL (rHDL) reduced monocyte CCR2 and CX 3 CR1 expression and inhibited their migration toward CCL2 and CX 3 CL1 (PϽ0.05). Preincubation with rHDL reduced CCL2, CCL5, and CX 3 CL1 expression in monocytes and human coronary artery endothelial cells. The stimulation of CX 3 CR1 with peroxisome proliferator-activated receptor ␥ agonist CAY10410 was suppressed by preincubation with rHDL but did not affect the peroxisome proliferator-activated receptor ␥ antagonist (GW9664)-mediated increase in CCR2. In monocytes and human coronary artery endothelial cells, rHDL reduced the expression of the nuclear p65 subunit, IB kinase activity, and the phosphorylation of IB␣ (PϽ0.05).
H igh-density lipoproteins (HDLs) are atheroprotective. 1 Human and animal intervention studies have found that infusion of reconstituted HDL (rHDL) or overexpression of apolipoprotein (apo) A-I reduces atherosclerotic plaque size 2 and macrophage and lipid content. [3] [4] [5] [6] The mechanisms for this have been predominantly attributed to reverse cholesterol transport. However, HDLs also have potent anti-inflammatory properties. 7 For example, HDLs reduce endothelial expression of adhesion molecules, such as vascular cell adhesion molecule-1 and intercellular adhesion molecule-1. This project seeks to investigate if HDLs also reduce the expression of chemokines and their receptors, which are key mediators of inflammatory processes and atherosclerotic lesion development.
In the early stages of atherosclerosis, chemokines and chemokine receptors are critical for the recruitment of circulating monocytes to the endothelium and assist in their migration into the artery wall. 8 The monocytes differentiate into macrophages and express more chemokines, thereby exacerbating the disease process. 8 The importance of the chemokine receptors (CCR2 and CX 3 CR1) and the chemokines (CCL2 [monocyte chemotactic protein-1], CCL5 [regulated upon activation, normal T-cell expressed, and secreted (RANTES)], and CX 3 CL1 [fractalkine]) in atherosclerosis has been demonstrated in human studies and animal knockout models. For example, CCR2 Ϫ/Ϫ and CX 3 CR1 Ϫ/Ϫ mice, crossed with apoE Ϫ/Ϫ mice, develop smaller atherosclerotic plaques 9 -11 ; and CX 3 CR1 has been identified in human lesions. 12, 13 The chemokines CCL2, CCL5, and CX 3 CL1 have also been identified in human lesions 12, 14, 15 ; and mice deficient in CCL2 and CX 3 CL1 16, 17 have reduced lesion size on an apoE Ϫ/Ϫ background. Because chemokines and chemokine receptors are critical in the development of atherosclerosis, modulation of their expression by HDL would assist in explaining how HDL reduces plaque size and macrophage content.
Accordingly, we sought to determine if HDL can regulate the expression of chemokine receptors (CCR2 and CX 3 CR1) and chemokines (CCL2, CCL5, and CX 3 CL1) in vivo and in vitro. We found find that lipid-free apoA-I significantly reduces CCR2 and CX 3 CR1 expression in high-fat-fed apoE Ϫ/Ϫ mice and that rHDL reduces CCR2 and CX 3 CR1 expression in vitro in cultured human primary monocytes. The reduction in CX 3 CR1, but not CCR2, expression was mediated via peroxisome proliferator-activated receptor (PPAR) ␥. Lipid-free apoA-I also reduced CCL2, CCL5, and CX 3 CL1 levels in mouse plasma and/or tissues and rHDL reduced all 3 chemokines in vitro in human coronary artery endothelial cells (HCAECs) and monocytes by decreasing the activation of nuclear factor (NF) B. These studies demonstrate a potential role for chemokines and chemokine receptors in the antiatherosclerotic effects of HDL.
Methods
Three-week-old apoE Ϫ/Ϫ mice were fed a high-fat diet for 12 weeks and then injected daily with lipid-free apoA-I or saline in the final 5 days before being euthanized. Aortic sinus sections were stained for CCR2, CX 3 CR1, and macrophages. CCR2 and CX 3 CR1 mRNA levels were determined by RT-PCR. In vitro, the effects of rHDL on CCR2 and CX 3 CR1 protein expression and mRNA levels were investigated in primary human monocytes, as was the expression of the chemokines CCL2, CCL5, and CX 3 CL1 in both monocytes and HCAECs. The activation of PPAR-␥ and the inhibition of the NF-B pathway were also investigated.
Results

Animal Studies
There were no differences in total or HDL cholesterol concentrations between treatment groups at euthanasia (supplemental Table I ; all supplemental materials are available online at http://atvb.ahajournals.org). The plasma concentration of human apoA-I at euthanasia was 30.2Ϯ6.5 mg/dL (meanϮSEM) in mice that received the intravenous apoA-I injections. This elevation in human apoA-I did not alter endogenous mouse apoA-I levels.
Five daily lipid-free apoA-I, 40 mg/kg, injections reduced CCR2 and CX 3 CR1 staining in aortic sinus plaques by 38% and 36%, respectively (PϽ0.05) ( Figure 1A and B ). CCR2 and CX 3 CR1 mRNA levels in the aortic arches were decreased by 37% and 42%, respectively (PϽ0.05) ( Figure 1C and D). The aortic sinus plaque macrophage content was not significantly reduced (27%, Pϭ0.06) ( Figure 1E ), and there were no changes in plaque size ( Figure 1F ). CCR2 and CX 3 CR1 staining predominantly colocalized with macrophages within the aortic sinus plaques (supplemental Figure I ). Further analysis of the plaques showed no changes in either smooth muscle cell ␣-actin or lipid content between treatment groups (supplemental Table I ).
By using flow cytometry to assess the effect of lipid-free apoA-I injections on circulating mouse monocytes, we found that CD11b ϩ cells comprised approximately 10% to 14% of the total gated mononuclear cell fraction (supplemental Figure IIA) . Analysis of cell populations revealed that 68% to 80% of CD11b ϩ cells were CCR2 ϩ and 42% to 51% of CD11b ϩ cells were CX 3 CR1 ϩ . There were also distinct cell populations that were CD11b ϩ CCR2 Ϫ and CD11b ϩ CX 3 CR1 Ϫ . Five daily injections of lipid-free apoA-I had no effect on the expression of either CCR2 or CX 3 CR1 on CD11b ϩ cells (supplemental Figure  IIB) . Of the mice injected with PBS, 72.70Ϯ1.17% of the circulating CD11b ϩ cells were CCR2 ϩ compared with 71.80Ϯ1.56% in the apoA-I group. Similarly, 45.60Ϯ2.44% of the CD11b ϩ cells were CX 3 CR1 ϩ in the PBS group compared with 42.00Ϯ2.12% for the apoA-I group. Data presented as meanϮSEM.
CCL2, CCL5, and CX 3 CL1 concentrations were assessed in plasma, homogenized liver samples, and thoracic aortas (Table) . Plasma levels of both CCL2 and CCL5 were lower in mice injected with lipid-free apoA-I (21% and 25%, respectively) compared with control mice (PϽ0.05). There was no difference in CX 3 CL1 levels between treatment groups.
Liver CCL2 levels were reduced by 38% after apoA-I injection (PϽ0.05). There were also significant reductions in liver CCL5 (40%) and CX 3 CL1 (42%) levels in the apoA-Iinjected mice compared with control mice (PϽ0.05 for both) (Table) . These reductions in liver chemokine protein levels were supported by reductions in mRNA levels. Mice receiving the lipid-free apoA-I injections had significantly lower CCL2 (37%), CCL5 (22%), and CX 3 CL1 (24%) liver mRNA levels (PϽ0.05) (supplemental Table II ).
Finally, there was a 40% reduction in CX 3 CL1 in the aortas of lipid-free apoA-I-treated mice compared with controls (PϽ0.05) but no changes in aortic CCL2 or CCL5 levels (Table) .
Effect of Discoidal rHDL on CCR2 and CX 3 CR1 Expression in Monocytes
Incubation of monocytes with discoidal rHDL significantly decreased CCR2 (66%) and CX 3 CR1 (58%) protein levels compared with control cells (PϽ0.01) ( Figure 2A ). There were also significant reductions in CCR2 (72%, PϽ0.05) and Figure 1 . A through F, Lipid-free apoA-I decreases CCR2 and CX 3 CR1 in the aortic sinus plaques of ApoE Ϫ/Ϫ mice. ApoE Ϫ/Ϫ mice (nϭ16 per group) were fed a high-fat diet for 12 weeks. Mice were intravenously injected daily with lipid-free apoA-I, 40 mg/kg, or PBS (control) for the final 5 days and euthanized 24 hours after the last injection. Paraffin-embedded aortic sinus sections were quantified immunohistochemically for CCR2 (A), CX 3 CR1 (B), and macrophages (Mac) (E). Aortic arch mRNA was assessed using RT-PCR for changes in CCR2 (C) and CX 3 CR1 (D). The total lesion area was determined on Milligans-stained sections (F). CX 3 CR1 (50%, PϽ0.05) mRNA levels after incubation with rHDL ( Figure 2B ). CCL2 and CX 3 CL1 trigger CCR2-and CX 3 CR1-directed migration, respectively. By using transwell membranes to assess cell migration ( Figure 2C ), we found that incubation with rHDL decreased monocyte migration toward both CCL2 (62%, PϽ0.05) and CX 3 CL1 (36%, PϽ0.05).
Effect of Discoidal rHDL on CCL2, CCL5, and CX 3 CL1 Expression in HCAECs
Protein HCAEC lysates were analyzed for changes in CCL2, CCL5, and CX 3 CL1 protein levels ( Figure 3A ). Incubation with tumor necrosis factor (TNF) ␣ increased CCL2 by 3.3-fold (PϽ0.001). When HCAECs were preincubated with rHDL, CCL2 protein levels in cell lysates decreased by 20% (PϽ0.05).
Incubation with TNF-␣ increased the CCL5 protein concentration in HCAEC lysates 20-fold (PϽ0.001). This cytokine-induced increase in CCL5 was reduced by 41% (PϽ0.05) in HCAECs preincubated with rHDL. TNF-␣ increased CX 3 CL1 protein expression from undetectable levels to 4.8Ϯ0.2 ng/mg (meanϮSEM) of cell protein (PϽ0.001). Preincubation with rHDL resulted in a significant 50% reduction in CX 3 CL1 concentration in HCAEC lysates (PϽ0.01).
Preincubation with rHDL also reduced secretion of chemokines into the culture media (supplemental Figure IIIA) . Incubation with TNF-␣ significantly increased the medium CCL2, were fed a high-fat diet for 12 weeks. Mice were intravenously injected daily with lipid-free apoA-I, 40 mg/kg, or PBS (control) for the final 5 days and euthanized as described in the supplemental material. ELISAs were used to quantify CCL2, CCL5, and CX 3 CL1 protein levels.
†PϽ0.05 vs control. CCL5, and CX 3 CL1 levels (PϽ0.001 for all). Preincubation with rHDL decreased the concentration of CCL2, CCL5, and CX 3 CL1 by 24% (PϽ0.05), 32% (PϽ0.05), and 57% (PϽ0.01), respectively, compared with TNF-␣ incubation alone.
mRNA Consistent with the changes in chemokine proteins, preincubation with rHDL at a final apoA-I concentration of 600 g/mL reduced mRNA levels of CCL2 (39%, PϽ0.05), CCL5 (66%, PϽ0.01), and CX 3 CL1 (22%, PϽ0.05) relative to cells that were incubated with TNF-␣ alone (supplemental Figure IIIB) .
Effect of Discoidal rHDL on CCL2, CCL5, and CX 3 CL1 Expression in Monocytes
Protein Monocyte lysates were analyzed for changes in CCL2, CCL5, and CX 3 CL1 protein expression ( Figure 3B ). Incubation with interferon (IFN) ␥ increased the concentration of CCL2 in monocyte lysates by 22-fold (PϽ0.001). Preincubation with rHDL decreased lysate CCL2 protein in a concentrationdependant manner ( Figure 3B, inset) . At a final apoA-I concentration of 600 g/mL, the CCL2 concentration was reduced by 87% (PϽ0.001). Incubation with IFN-␥ also significantly increased CCL5 and CX 3 CL1 protein levels in monocyte lysates ( Figure 3B ). Concentrations of both chemokines were significantly reduced back to baseline levels in monocytes preincubated with rHDL (PϽ0.05). Incubation with IFN-␥ also increased the concentration of CCL2 protein in the culture media by 57-fold (PϽ0.001) (supplemental Figure IVA) . Preincubation with rHDL mediated a stepwise decrease in CCL2 levels in the culture media that was maximal (98%) after preincubation with the highest rHDL concentration (inset) (PϽ0.001). Stimulation with IFN-␥ also increased the CCL5 concentration in the culture media. This increase was reduced by 37% when the cells were preincubated with rHDL (PϽ0.05). CX 3 CL1 protein was not detected in monocyte culture media before or after incubation with IFN-␥.
mRNA Consistent with the changes in chemokine protein levels, IFN-␥ increased monocyte CCL2, CCL5, and CX 3 CL1 mRNA levels by 1.5-to 2.5-fold (PϽ0.01) (supplemental Figure IVB) . When cells were preincubated with rHDL, CCL2 mRNA levels decreased in a concentration-dependant manner (inset) (PϽ0.001). Similarly, preincubation with rHDL, before stimulation with IFN-␥, decreased both CCL5 and CX 3 CL1 mRNA levels (PϽ0.05).
Discoidal rHDL Reduces Activation of the NF-B Pathway
The expression of the chemokines CCL2, CCL5, and CX 3 CL1 is regulated by changes in the activation of transcription factor NF-B. 18 -20 Incubation of monocytes and HCAECs for 24 hours with rHDL significantly reduced IB kinase activity (as measured by ATP depletion) by 25% in monocytes (PϽ0.05) and by 22% in HCAECs (PϽ0.05) compared with control cells ( Figure  4A ). Preincubation with rHDL also reduced IB␣ P relative to IB␣ T (IB␣ P /IB␣ T ) in both monocytes (50%) and HCAECs (55%) ( Figure 4B ) compared with controls (PϽ0.05 for both). Reductions in the nuclear NF-B p65 subunit were also ob-served in monocytes (40%) and HCAECs (66%) incubated with rHDL (PϽ0.05) ( Figure 4C ).
Hepatic NF-B p65 and p50 subunit mRNA levels in apoE Ϫ/Ϫ mice receiving lipid-free apoA-I injections were reduced by 36% for p65 (PϽ0.05) and by 46% for p50 (PϽ0.05) (supplemental Table III ).
Regulation of CX 3 CR1 and CCR2 Expression by rHDL via PPAR-␥
The expression of CX 3 CR1 and CCR2 is regulated by PPAR-␥. 21 To determine if the effects of rHDL on CCR2 and CX 3 CR1 levels were mediated via PPAR-␥, monocytes were incubated with the PPAR-␥ agonist CAY10410. Under these conditions, CX 3 CR1 protein expression increased by 68% (PϽ0.05) ( Figure 5A ). When the cells were preincubated with rHDL, before CAY10410, CX 3 CR1 protein expression was comparable to baseline levels (PϽ0.01, compared with CAY10410-only control). Conversely, when monocytes were incubated with the PPAR-␥ antagonist, GW9664, CCR2 protein levels increased by 72% (PϽ0.05) ( Figure 5B ). Preincubation with rHDL had no effect on the GW9664induced increase in CCR2 expression.
Discussion
It is well established that HDL exhibits potent anti-inflammatory and antiatherosclerotic properties. 7, 22 The objective of this study was to determine if HDL modulates the expression of chemo- kines (CCL2, CCL5, and CX 3 CL1) and chemokine receptors (CCR2 and CX 3 CR1), all of which have critical roles in mediating inflammation, monocyte recruitment, and progression of atherosclerosis. We report the following findings: (1) 5 daily injections of lipid-free apoA-I reduce CCR2 and CX 3 CR1 expression in the aortic sinus plaques of apoE Ϫ/Ϫ mice; (2) apoA-I-injected mice have significantly lower plasma CCL2 and CCL5 levels and reduced hepatic CCL2, CCL5, and CX 3 CL1 relative to control mice; (3) in vitro, incubation of human monocytes with rHDL significantly reduces CCR2 and CX 3 CR1 expression; (4) preincubation of both HCAECs and monocytes with rHDL significantly reduces CCL2, CCL5, and CX 3 CL1; (5) rHDL regulates CX 3 CR1 but not CCR2 expression via PPAR-␥; and (6) rHDL decreases chemokine expression by inhibiting activation of the NF-B pathway.
One interesting outcome of this study is that the reduction in plaque CCR2 and CX 3 CR1 expression did not coincide with a reduction in plaque macrophage content. Furthermore, immunocytochemistry revealed that CCR2 and CX 3 CR1 colocalized with macrophages, suggesting that the reductions in plaque chemokine receptor expression are predominantly by macrophages and that other cell types are likely to play a minor role. These findings indicate that apoA-I may act directly on plaque macrophages to lower chemokine receptor expression in vivo. Consistent with these data, our in vitro findings also demonstrated that rHDL reduced monocyte CCR2 and CX 3 CR1 expression. However, flow cytometry analysis revealed that the injections of apoA-I did not alter chemokine receptor expression on circulating monocytes. This lack of change may be attributed to the short half-life (approximately 6 hours) of circulating monocytes, 23 such that their exposure time to apoA-I is insufficient to decrease chemokine receptor expression. However, it does indicate that the observed reductions in plaque CCR2 and CX 3 CR1 expression are occurring at the site of the lesion. A reduction in plaque chemokine receptors may be beneficial eg, CX 3 CR1 anchors macrophages to smooth muscle cells by binding to CX 3 CL1. 24 This interaction between macrophages and smooth muscle cells by CX 3 CR1/CX 3 CL1 causes macrophage retention within a plaque and prevents them from emigrating. Our results also indicate that the mechanism for these reductions in chemokine receptor expression may be, at least in part, because of modulation of PPAR-␥ expression ( Figure 5 ).
The present study found that lipid-free apoA-I infusions reduce circulating plasma levels of CCL2 and CCL5. However, there was no change in circulating CX 3 CL1. This is not surprising because CX 3 CL1 is predominantly a membranebound chemokine. 8 Consistent with this fact, we observed reductions in CX 3 CL1 levels in the liver and thoracic aorta.
CCL2 and CCL5 levels were also lower in the liver homogenates of apoE Ϫ/Ϫ mice. This may explain the reduction in plasma CCL2 and CCL5 because fewer chemokines would have been secreted from the liver into the circulation. The combined plasma and liver data highlight the fact that lipid-free apoA-I can act as a systemic anti-inflammatory agent in addition to its more localized and well-known antiatherosclerotic effects. It may be expected that a reduction in plasma and hepatic chemokines would be atheroprotective because fewer chemokines would be present to participate in monocyte recruitment. However, we did not find a reduction in plaque macrophage content in this particular study. Perhaps with a longer apoA-I intervention period, a reduction in plaque macrophage content would have been observed, as reported elsewhere. 5, 25 However, our study was designed specifically to investigate changes in chemokines/ chemokine receptors. Interestingly, we did not see changes in CCL2 or CCL5 in thoracic aorta homogenates. This is possibly because of the lower levels of expression found at this site. In contrast, our in vitro studies found that rHDL substantially lowered CCL2 and CCL5 in both monocytes and HCAECs. Possibly, therefore, a more sensitive measure of chemokine protein or higher expression levels in thoracic aortas could have detected changes in CCL2 and CCL5.
The decision to use apoA-I-containing discoidal rHDL in the in vitro studies and lipid-free apoA-I in the animal studies was made based on previous observations from our laboratory, which showed that lipid-free apoA-I is rapidly lipidated and then incorporated into the HDL fraction after injection into rabbits. 26 This is also likely to be the case when lipid-free apoA-I is injected into mice. In contrast, because lipid-free apoA-I does not become lipidated to a significant extent when it is incubated with monocytes or HCAECs, it was converted into discoidal rHDL before incubation with the cells.
The expressions of CCR2 and CX 3 CR1 are regulated by PPAR-␥. 21, 27, 28 The PPAR-␥ agonist CAY10410 increases CX 3 CR1 expression in monocytes, 21 which was confirmed in this study. However, when monocytes were preincubated with rHDL CX 3 CR1, protein expression did not increase. Conversely, preincubation of monocytes with rHDL had no effect on the stimulation of CCR2 expression by the PPAR-␥ antagonist GW9664. This indicates that PPAR-␥ mediates the decrease in CX 3 CR1 but not CCR2 and suggests that rHDL is modulating the expression of CCR2 via another mechanism. Interestingly, there is some evidence that CCL2 can regulate the expression of CCR2. 29 Because rHDL substantially decreases CCL2 expression in monocytes, this may explain the decrease in CCR2 expression.
NF-B is a heterodimer, of which p65 is reported to be the active subunit that initiates transcription. 30 CCL2, CCL5, and CX 3 CL1 expression is regulated via activation of the NF-B pathway, 18 -20 which is also inhibited in HCAECs by HDL. 31 Results from the current study indicated that rHDL also de- Figure 5 . A and B, PPAR-␥-mediated regulation of CX 3 CR1 and CCR2 by rHDL. Monocytes were preincubated with or without rHDL for 12 hours, then incubated with either CAY10410, 50 mol/L, or GW9664, 20 mol/L, for a further 12 hours. The cells were then lysed, and changes in CX 3 CR1 (A) and CCR2 (B) protein were determined using Western blotting. Data are given as meanϮSEM. *PϽ0.05 vs control cells incubated with CAY10410 or GW9664 alone.
creases several key steps in the NF-B activation pathway in monocytes. Consistent with this finding, our in vivo studies also found that lipid-free apoA-I-infused mice had lower levels of p65 and p50 NF-B subunits. Because CCL2, CCL5, and CX 3 CL1 are all NF-B target genes, this suggests that the mechanism by which rHDL reduces chemokine expression is via a reduction in activation of the NF-B pathway.
In conclusion, we have demonstrated that lipid-free apoA-I and rHDL effectively reduce the chemokine receptors (CCR2 and CX 3 CR1) and the chemokines (CCL2, CCL5, and CX 3 CL1) in vivo and in vitro. These effects appear to be mediated via modulation of NF-B and PPAR-␥. Our findings suggest an important role for chemokines and chemokine receptors in the antiatherosclerotic and anti-inflammatory effects of HDL, thereby providing further insight into its mechanism of action.
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